Introduction
Autoimmune responses to meiotic germ cell antigens (MGCA) expressed in the testis and on sperm are detected in 3%-12% of men with spontaneous infertility, which is a factor in 5% of couples desiring children (1) . Testes biopsies have revealed that 50% of the patients had focal orchitis (2) . Of the 0.5 million men in the USA who choose vasectomy as a contraceptive approach each year, 70% develop sperm Ab responses with undefined long-term sequelae. In addition, MGCA are expressed as cancer/testis antigens (CTA) in many human epithelial tumors, melanomas, and leukemias. They are targets of tumor immunity and cancer vaccine candidates (3, 4) . A better understanding of these tissue-specific and cancer-specific antigens in human diseases will require fuller knowledge of the sequestration and tolerance statuses of MGCA in normal and pathological states. Surprisingly, there have been little or no research efforts to address these critical issues.
Systemic tolerance is autoantigen dependent and involves multiple mechanisms (5) . Tolerance begins in the thymus, controlled partly by the autoimmune regulator (AIRE) gene (6) . This is followed by tolerance in the peripheral lymphoid organs, which requires continuous T cell recognition of accessible tissue autoantigens (7) (8) (9) . Tregs are critical for preventing organ-specific autoimmunity (10) (11) (12) . The maintenance of Treg function requires continuous T cell receptor (TCR) signaling (9) and autoantigen recognition (13) that occurs in the regional lymph nodes. Each regional lymph node expresses unique TCR clonotypes (14) and is enriched in tissue antigen-specific Tregs that preferentially suppress autoimmune disease of the draining organ (8, 15, 16) . Accordingly, peripheral tolerance should not apply to tissue autoantigens anatomically sequestered in organs such as the testes.
MGCA are expressed in postmeiotic germ cells located in the seminiferous tubules ( Figure 1A ), separated from interstitial leukocytes by the basal tight junctions of the Sertoli cell barrier ( Figure 1 , B and C) (17) . Rodent MGCA appear 2 weeks after birth ( Figure 1 , B and C) (18) ; thereafter, a huge quantity of numerous novel testis-specific antigens are continuously synthesized and expressed in the meiotic germ cells (19) . After being released into the seminiferous tubule lumen, the sperm enter the rete testis and ultimately reach the vas deferens ( Figure 1A ) (19) . Spermatogenesis in adult mice occurs in 12 distinct stages along the length of the seminiferous tubule, each defined by unique composition and arrangement of the germ cells ( Figure 1A ) (20) . Because the stages differ among tubules, their cross sections in an adult testis in many different stages coexist. However, the first wave of spermatogenesis initiated at puberty is synchronous in all tubules (21) .
Autoimmune responses to meiotic germ cell antigens (MGCA) that are expressed on sperm and testis occur in human infertility and after vasectomy. Many MGCA are also expressed as cancer/testis antigens (CTA) in human cancers, but the tolerance status of MGCA has not been investigated. MGCA are considered to be uniformly immunogenic and nontolerogenic, and the prevailing view posits that MGCA are sequestered behind the Sertoli cell barrier in seminiferous tubules. Here, we have shown that only some murine MGCA are sequestered. Nonsequestered MCGA (NS-MGCA) egressed from normal tubules, as evidenced by their ability to interact with systemically injected antibodies and form localized immune complexes outside the Sertoli cell barrier. NS-MGCA derived from cell fragments that were discarded by spermatids during spermiation. They egressed as cargo in residual bodies and maintained Treg-dependent physiological tolerance. In contrast, sequestered MGCA (S-MGCA) were undetectable in residual bodies and were nontolerogenic. Unlike postvasectomy autoantibodies, which have been shown to mainly target S-MGCA, autoantibodies produced by normal mice with transient Treg depletion that developed autoimmune orchitis exclusively targeted NS-MGCA. We conclude that spermiation, a physiological checkpoint in spermatogenesis, determines the egress and tolerogenicity of MGCA. Our findings will affect target antigen selection in testis and sperm autoimmunity and the immune responses to CTA in male cancer patients.
been investigated nor supported by experimental evidence, and importantly, its validity has been questioned by recent clinical and experimental findings.
First, consistent with other spontaneous autoimmune diseases, the cause of autoimmune infertility is likely rooted in immune dysregulation or defective tolerance and is influenced by genetic and environmental components. Therefore, loss of tolerance rather than loss of sequestration is the likely cause of autoimmune Because the Sertoli cell barrier effectively blocks Abs and lymphoid cells from entering the seminiferous tubules (22) (23) (24) , the barrier is presumed to also prevent MGCA from entering the interstitial space to reach the immune cells (19, (25) (26) (27) . Accordingly, local antigen nonspecific mechanisms are deemed sufficient to control tissue barrier integrity and excessive testis inflammation in autoimmunity, trauma, or infection (19, 25, 27) . However, the complete antigen sequestration paradigm itself has neither been found to develop a prolonged period of MGCA-specific tolerance due to the emergence of MGCA-specific Tregs (36) . Thus, postvasectomy autoimmunity occurred only when it was accompanied by partial Treg depletion with an anti-CD25 mAb (32, 36) , a finding more likened to the concomitant effector T cell and Treg responses to foreign antigens described in food allergy (37) and in viral infections (38) . Therefore, postvasectomy responses resemble the responses to immunogenic "foreign" antigens; moreover, the Ab repertoire is narrower than expected and suggests the existence of tolerance to other MGCA (36) . Third, a recent study on lactate dehydrogenase 3 (LDH3) (the mouse homolog of human LDHC) also argues against complete MGCA sequestration. LDH3 is a cytoplasmic MGCA expressed behind the Sertoli cell barrier and is a CTA (18, 39) . After systemic infertility. For example, autoimmune orchitis occurs in autoimmune polyendocrine syndrome 1 (APS1) patients due to mutations of AIRE (28) , possibly associated with impaired thymic deletion of autoreactive T cells and deficient Treg function (29) .
Second, vasectomy, a popular contraceptive approach (30), does cause leakage of sperm in the epididymis (31) . Instead of the expected MGCA Ab response directed to the numerous sequestered MGCA, a recent study indicated that over 85% of the vasectomized mice produced a dominant autoantibody response against zonadhesin (ZAN) (32) , an MGCA located in the outer acrosomal membrane of spermatids and the acrosomal matrix of spermatozoa (33, 34) . Moreover, an unexplained latent period of several months exists before vasectomy results in detectable MGCA autoantibody responses (35) . In this period, vasectomized mice have recently Figure 2 . Tolerogenic MGCA egress from seminiferous tubules of normal mouse testes. (A) After rabbit anti-LDH3 Ab injection, immune complexes appeared as rabbit IgG puncta (green) outside the occludin + Sertoli cell barrier (red) in adult WT mouse testes (n = 7) surrounding approximately 18% of seminiferous tubules (B arrows, n = 5), but not in (C) testes of adult Ldh3 null mice (n = 7). (D) No immune complexes were detected in the testes of WT mice injected with rabbit anti-ZAN D3p18 Abs. Original magnification, ×800 (A); ×100 (B); ×800 (C); ×800 (D). Tolerance to LDH3 and ZAN were determined by serum IgG Ab responses to rLDH3 (E and F) or ZAN D3p18 (G) at 3 weeks after immunization with testis homogenate in adjuvant. (E) Comparison of rLDH3 responses between WT male mice (n = 5) and WT female mice (n = 5) and (F) between Ldh3 null male mice (n = 6) and WT male mice (n = 6) are shown. (G) Comparison of ZAN D3p18 responses between WT male mice (n = 5) and WT female mice (n = 3) is shown. Ab responses to (H) rLDH3 and (I) ZAN in WT male mice at 3 weeks after immunization with testis homogenate in adjuvants, with (n = 7) and without (n = 13) concomitant CD25 mAb (PC61) injection are shown. Data in E-I are from 3 independent experiments. *P < 0.05; **P < 0.01, Mann-Whitney U tests. that of WT male mice ( Figure 2F ). In contrast to LDH3, ZAN Ab responses were comparable between the immunized male and female mice ( Figure 2G Figure 2H ), but did not affect ZAN Ab responses ( Figure 2I ). Therefore, Tregs are critical in controlling systemic tolerance of WT mice to LDH3.
To accrue more definitive evidence for Treg involvement in physiological tolerance to MGCA, we conducted experiments independent of testis antigen immunization in BAC-transgenic DEREG mice that express a diphtheria toxin (DT) receptor under the control of the forkhead box P3 (Foxp3) locus (42) . Treg depletion by DT injections in B6AF1-DEREG mice resulted in the production of serum autoantibodies against testicular cell antigens. The response began at 3 weeks ( Figure 3A ) and was detected in 72% of the mice at 8 weeks ( Figure 3B) . Notably, the autoantibodies reacted only with the tolerogenic and nonsequestered LDH3 ( Figure 3C ) and not with the sequestered ZAN ( Figure 3D ).
In addition to autoantibody responses, severe EAO was detected in 40% of the Treg-depleted DEREG mice at 8 weeks ( Figure 3E ) and could be suppressed by adoptive transfer of WT Tregs. EAO was characterized by disruption of spermatogenesis ( Figure 3 , E and F), reduction in epididymal sperm ( Figure 3 , E and F), focal interstitial lymphocytic infiltration ( Figure 3F ), reduction in testis weight ( Figure 4A ), and tubular atrophy with abundant interstitial macrophage infiltration ( Figure 3F and Figure 4B) . A larger fraction and number of the macrophages exhibited a proinflammatory EAO-associated M1-like phenotype as distinct from the M2-like phenotype of normal testis-resident macrophages (43, 44) (Figure 4C ). The mice with epididymi devoid of sperm are expected to be infertile.
Although only 40% of the Treg-depleted DEREG mice exhibited testis histopathology, many more (72%; n = 44) developed massive immune complex deposition. Diffusely distributed immune complexes were detected at the seminiferous tubule boundaries adjacent to the defective Sertoli cell barrier ( Figure  4D ). They were mostly of IgG1 subclass without IgG2a or C3 (data not shown). In addition, defective Sertoli cell barrier integrity was documented by the detection of subcapsularly injected biotin inside the seminiferous tubule lumen ( Figure 4E ). The global increase in Sertoli cell barrier protein expression ( Figure 4F ) was indicative of the Sertoli cells' adaptive responses in restoring tight junction integrity (45) . Moreover, i.v.-injected rabbit LDH3 Ab into DEREG mice with EAO formed rabbit IgG-positive immune complexes that comingled with the endogenous mouse IgG1-positive immune complexes inside the seminiferous tubules ( Figure  4G ). Notably, a reduction of nectin-3, which anchors elongated spermatids to the Sertoli cells, was consistent with elongated spermatid loss ( Figure 4F ). The results indicate that Tregs maintain physiological tolerance to the NS-MGCA that egress from the seminiferous tubules, but not to the S-MGCA. injection, liposomes bearing LDH3 Abs were enriched in the testes of normal mice, indicating that LDH3 may be accessible to circulating Abs in vivo (40) .
In this study, we address whether all MGCA are sequestered and whether they are protected by systemic tolerance. Our study focuses on LDH3 and ZAN in WT mice. We also generated 2 transgenic mouse lines that express OVA in elongated spermatids, allowing us to investigate and identify the route of MGCA egress. We also developed a new model of spontaneous experimental autoimmune orchitis (EAO) to explore defective systemic tolerance as a mechanism of autoimmune infertility. We showed that some MGCA are not sequestered. They exit the seminiferous tubules via a previously unappreciated physiological pathway that is important for testis function and maintain systemic tolerance. Finally, we documented that systemic tolerance to nonsequestered MCGA is critically dependent on Tregs. Conversely, other MGCA are sequestered and not tolerogenic.
Results
Tolerogenic MGCA continuously egress from the seminiferous tubules of normal mouse testes. To investigate the sequestration status of LDH3 and ZAN, we localized the tissue distribution of their cognate Abs in WT testes after systemic injection. The Sertoli cell barrier is not an endothelial barrier, and circulating Abs readily enter the testicular interstitial space (19) . However, being excluded from the seminiferous tubules by the Sertoli cell barrier, the Abs would react with NS-MGCA, but not with sequestered MGCA (S-MGCA), outside the barrier.
Patches of granular rabbit anti-LDH3 IgG were observed at the boundaries of the seminiferous tubules 19 hours after Ab injection ( Figure 2A ). The extratubular location of the immune complexes was confirmed by costaining with occludin, a Sertoli cell barrier component. This pattern was reproducible in 83% of 35 mice on different mouse strains, including C57BL/6 (n = 10), BALB/c (n = 10), SJL (n = 4), and C57BL/6 × A/J F1 (B6AF1; n = 11). Because immune complexes were only detected in approximately 18% of seminiferous tubule cross sections ( Figure 2B , n = 6), we speculated that the observed LDH3 egress may occur only at some stages of spermatogenesis (20) , a possibility that we address later in this study. Importantly, immune complexes were not detected in the testes of Ldh3 null C57BL/6 mice (41) ( Figure 2C , n = 7), but were detected in Ldh3 +/-mice (n = 5). They were also not detected in mice injected with rabbit IgG or rabbit anti-OVA Abs (n = 13). In contrast with mice injected with LDH3, mice injected with Abs to ZAN at several dilutions did not show testicular immune complexes. This applies to 2 ZAN Abs, one against the D3p18 B cell epitope of mouse ZAN ( Figure 2D ) and the other against the holoprotein of pig ZAN that crossreacts with mouse ZAN (data not shown). Therefore, although both MGCAs are located behind the Sertoli cell barrier, LDH3 selectively egresses from the seminiferous tubules, whereas ZAN is sequestered.
To define the tolerance status for LDH3 and ZAN, we compared the LDH3-and ZAN-specific responses of male and female mice after immunization with testis homogenate in adjuvant. A stronger Ab response to LDH3 was detected in female mice compared with male mice ( Figure 2E ). Importantly, the response of Ldh3 null male mice with normal spermatogenesis also surpassed 1 0 5 0 jci.org Volume 127 Number 3 March 2017
OVA also egressed from the seminiferous tubules in mice expressing high levels of OVA. Deposition of granular rabbit anti-OVA IgG immune complexes was readily detected in approximately 18% of 214 seminiferous tubules in 100% of OVA-Hi mice after i.p. injection of rabbit anti-OVA Abs (n = 13, Figure 5F ), but not control rabbit IgG (n = 7, data not shown). These immune complexes were located outside the Sertoli cell barrier. Some immune complexes were also detected inside the testis interstitial MHC class II + macrophages ( Figure 5G ). In contrast, only trace immune complexes were detected in less than 5% of seminiferous tubules in 4 of 5 OVA-Lo mice injected with rabbit anti-OVA Abs.
Our results indicate that (a) the testicular structural and functional properties of the OVA-Hi and OVA-Lo mice are indistinguishable from those of WT BALB/c mice, (b) OVA also egresses from the OVA-Hi mouse testes similarly to LDH3 in WT mice, and (c) OVA egress is dependent on the level of OVA expression behind the Sertoli cell barrier. We therefore utilized both the transgenic and WT mice to investigate the mechanism of MGCA egress.
Residual bodies export NS-MGCA, but not S-MGCA. We next investigated how NS-MGCA egress from normal seminiferous OVA expressed as a surrogate MGCA in elongated spermatids also egresses from the seminiferous tubules and depends on the level of expression. We next extended our study to 2 founder lines of OVA transgenic mice on the BALB/cByJ background, in which OVA was expressed as a surrogate MGCA under the mouse protamine 1 (Prm1) promoter to ensure testis-specific OVA expression (46) ( Figure 5A ). OVA-Hi mice expressed 2200 ± 45 ng of extractable OVA/g of testis, and OVA-Lo mice expressed 41-fold less OVA, at 54 ± 15 ng/g of testis. Both OVA-Hi and OVA-Lo mice expressed OVA confined to the elongated spermatid cytoplasm ( Figure 5B ). They exhibited normal fertility (data not shown) and normal testis histology ( Figure 5B ) and epididymides with full sperm content (data not shown). Consistent with elongated spermatid development (20) , extractable OVA protein and OVA mRNA levels from OVA-Hi mouse testes were initially detected at postnatal day 25 and markedly increased in the next 4 days ( Figure 5C and data not shown). Moreover, the Sertoli cell barrier was intact, as determined by electron microscopy ( Figure  5D ), and the seminiferous tubules excluded the FITC injected into the interstitial space ( Figure 5E ). tubules and whether this is dependent on spermatogenic stages. Because the cycles in all seminiferous tubules are synchronous in the first wave of spermatogenesis, it is possible to define the age of onset of immune complex deposition and accurately define the stage of the cycle when MGCA egress occurs. LDH3 Ab injection at 5 weeks, but not at 3, 4, or 4.5 weeks, after birth, elicited immune complexes in many tubules (n = 4 for each group) ( Figure  2B and data not shown). This timing is consistent with the timing of spermiation when the mature testicular sperm are released into the seminiferous tubule lumen (21), but not with LDH3 expression that begins at postnatal day 12 (18) .
Prior to sperm release, the redundant cytoplasm and plasma membrane of elongated spermatids are packaged into a large cytoplast (the residual body) retained in the seminiferous tubule epithelium and a small cytoplast (the cytoplasmic droplet) that remains attached to the sperm ( Figure 1C ). Although most residual bodies are likely engulfed and degraded by Sertoli cells (47) (48) (49) , a few putative residual bodies of unknown fate and unknown MGCA content are detected at stage IX (50) . To determine whether these stage IX residual bodies participated in NS-MGCA egress, we investigated whether they contain antigenic MGCA and evade degradation by Sertoli cells. IX, numerous OVA-positive residual bodies of variable sizes were randomly distributed throughout the seminiferous epithelium at stage IX of the seminiferous cycle ( Figure 6A ). The identity of the OVA-positive structures as residual bodies was further confirmed by their colocalization with the testicular isoform of angiotensin-converting enzyme (tACE), a membrane molecule expressed in the elongated spermatids (51) . tACE formed a ring around OVA in the residual bodies ( Figure 6C ), indicating that the MGCA exist in the residual bodies at stage IX and that they are derived from both the cell membrane and the cytoplasm of elongated spermatids. In contrast, the residual bodies of OVA-Lo mice stained positively for tACE without detectable OVA (data not shown). To investigate how these residual bodies avoid degradation by Sertoli cells, we studied OVA-Hi × Scx-GFP By immunoperoxidase (IP) and immunofluorescence (IF) microscopy, OVA was readily detected in the residual bodies in 20% of seminiferous tubule cross sections (39 of 194 seminiferous tubules in 3 experiments) of adult OVA-Hi mouse testes, consistent with the 18% of immune complexes detected in mice injected with Abs to OVA or LDH3 ( Figure 2C ). These were round and irregular structures of from less than 1 to 3 microns in diameter ( Figure 6 , A and C-F). By staging spermatogenesis based on the location and the rhomboid-shaped nuclei of the round spermatid, OVA-positive residual bodies were preferentially detected at stage IX (n = 35, Figure 6B ). In sagittal seminiferous tubule sections that span both stage VIII and stage IX ( Figure 6A ), OVA-positive residual bodies were attached to the apical sperm at stage VIII. After sperm release at stages VIII to In summary, our findings indicate that the residual bodies formed at stage IX of the spermatogenic cycle normally carry the tolerogenic NS-MGCA, but not the nontolerogenic S-MGCA. Instead of being totally degraded by the Sertoli cells, some intact residual bodies migrate basally in the seminiferous tubular epithelium and discharge their contents into the interstitial space via the basal cytoplasm of the Sertoli cells. Based on these immunohistochemical observations, along with the detection of NS-MGCA egress and tolerance status established in the above experiments, we conclude that NS-MGCA normally egress from the seminiferous tubules as cargo in the residual bodies at spermiation.
Discussion
We presented conclusive evidence that for some murine MGCA located behind the Sertoli cell barrier, systemic tolerance that requires FOXPp3 + Tregs is normally induced. This finding will add insight and clarity to our comprehension of the mechanism of testicular autoimmune disease pathogenesis and contribute to the understanding of human autoimmune infertility and vasectomy as well as immunity to CTA in male patients with cancer.
We discovered that MGCA can be either nonsequestered or sequestered in the seminiferous tubules, and systemic tolerance is only induced by the NS-MGCA that continuously egress from the seminiferous tubules with intact Sertoli cell barriers. The NS-MG-CA are detected in the residual bodies that form at spermiation and egress into the testis interstitial space. We have also provided the first experimental evidence, to our knowledge, for the sequestration of other MGCA by showing that S-MGCA are neither detectable in the residual bodies nor tolerogenic. Although many of our experiments on MGCA egress relied on transgenic OVA as a surrogate MGCA, essentially all of the results were confirmed in WT mice; therefore, they are physiologically relevant.
The new paradigm of selective MGCA sequestration and tolerance ( Figure 1D ) is a clear departure from the current dogma of complete MGCA sequestration ( Figure 1C) ; it indicates that the immune protection for MGCA in the testis depends on 2 processes: (a) systemic tolerance involving antigen-specific Tregs continuously maintained by the NS-MGCA in peripheral lymphoid organs, and (b) local mechanisms, including tissue barriers, for protecting the S-MGCA and limiting damage to germ cells during interstitial inflammation. The new paradigm, as well as the findings of Tregs as a critical peripheral tolerance mechanism, the immunological property of the residual bodies, and the identification of a new pathway of molecular transport from inside the seminiferous tubules into the testis interstitial space, will have a major impact on the current concepts of the testicular immune-privileged environment. F1 mice that express GFP in the Sertoli cell cytoplasm under the Scx promoter (52) . At stage IX, residual body internalization into the Sertoli cells was visualized as yellowish plexiform areas where the red OVA staining was colocalized with the Sertoli cell cytoplasmic GFP ( Figure 6D ). In contrast, numerous round and discrete OVA-positive residual bodies that did not colocalize with GFP were readily detected throughout the seminiferous tubules (Figure 6, D and F) . Therefore, many residual bodies at stage IX were excluded from the Sertoli cell cytoplasm as they migrated to the basal seminiferous tubules ( Figure 6, A and D) .
Importantly, we also detected diffuse OVA staining confined to the basal cytoplasm of Sertoli cells in 12% of the seminiferous tubules at stage IX (n = 286 among 3 experiments), often surrounding the cell nuclei ( Figure 6E ), but occasionally appearing as a speckled pattern inside the GFP + Sertoli cell cytoplasm (Figure 6F) . Moreover, in the interstitial spaces adjacent to the Sertoli cells that contain basal cytoplasmic OVA, we occasionally detected speckles of immunoreactive OVA ( Figure 6G) . Therefore, the OVA in the residual bodies appeared to enter the basal Sertoli cell cytoplasm before exiting the seminiferous tubules.
The detection of NS-MGCA in the residual bodies is not unique to the transgenic OVA antigen, as residual bodies contained LDH3 but not ZAN in WT BALB/c mouse testes ( Figure  7A ). This was confirmed by IF studies (Figure 7 , B-E). In OVAHi mouse testes, the OVA + residual bodies at stage IX also contained LDH3 ( Figure 7B ), but not ZAN ( Figure 7C ). In WT BALB/c mice, with tACE as marker, LDH3 ( Figure 7D ) but not ZAN ( Figure 7E ) was detectable in the residual bodies. tain tolerance, but sufficient to activate effector/memory T cells. Although this may apply to clinical autoimmune diseases triggered by molecular mimicry in the context of tissue inflammation (61), previous studies do not explain the mechanism of spontaneous EAO due to defective physiological tolerance normally maintained by the highly expressed and highly accessible tolerogenic NS-MGCA, as exemplified by EAO in the DEREG mice with transient Treg depletion. It also does not apply to the S-MGCA targeted in EAO after vasectomy (32) . The selection of pathogenic autoantigens in a given autoimmune disease may therefore vary depending on the context of pathogenesis. Although normal mice do not exhibit systemic tolerance to S-MGCA, a positive immune response may not occur or be detectable following S-MGCA exposure from their sequestered location. Indeed, the exposure of S-MGCA in uni-Vx mice did not result in a detectable response for many months (32) . Instead, the sperm antigens that leaked from the inflamed epididymis after uni-Vx were found to elicit an efficient Treg response that rendered the mice specifically tolerant to MGCA (32, 36) . Thus, simultaneous CD25 Ab treatment in the uni-Vx mice led to development of immune responses to MGCA and EAO, but not experimental autoimmune encephalomyelitis. The tolerance to S-MGCA occurred rapidly; thus, the uni-Vx mice developed severe EAO and Ab response to S-MGCA when Tregs were depleted by anti-CD25 mAbs at the same time as vasectomy, but not after 7 days (36) . Because the EAO resistance state was reversed by neutralization with an anti-PD-L1 Ab, but not an anti-PD-1 Ab (36), and because PD-L1, but not PD-1, is required for peripheral Treg induction (62, 63) , we surmised that the post-Vx EAO resistance state was partially attributed to peripheral Treg induction against the exposed MGCA. Therefore, in addition to maintaining physiological tolerance to NS-MGCA, Tregs can be induced by the "foreign" S-MGCA in a manner similar to the Treg response to foreign antigens (37, 38) .
By defining the exit pathway of NS-MGCA egress, we have also uncovered an unanticipated function for the residual bodies. Contrary to previous suggestions (47, 50, 64) , some residual bodies are excluded from the Sertoli cell cytoplasm and persist as they move to the basal region of the seminiferous epithelium, and they contain antigenic MGCA. Our study has not defined the precise cellular mechanisms by which the NS-MGCA are exported by the Sertoli cells, including the endocytic and microparticle pathways. Nonetheless, we have shown that residual body formation at stage IX is a physiological checkpoint that determines the sequestration and tolerogenicity between the 2 subsets of MGCA.
Although previous studies have shown that the residual bodies participate in transepithelial transport and molecular recycling in seminiferous tubular epithelium, the actual egress of the molecules out of the seminiferous tubules has not been documented. For example, residual bodies are involved in the transport of Fe ++ and Fe ++ transport molecules released from mature germ cells at the apical seminiferous tubules, for utilization by the less mature meiotic germ cells located near the basal seminiferous tubule (65) . In remodeling of the basal tight junctions, molecules have been shown to be recycled from the apical junctions of the Sertoli cell barrier in a process dependent on the endocytic uptake of the apical junction components into the ectoplasmic specialization of Sertoli cells (45, 66, 67) . In addition, because the residual bodies We provided direct evidence for MGCA egress out of the seminiferous tubules by documenting the formation of immune complexes outside the Sertoli cell barrier following systemic LDH3 Ab transfer. Importantly, this occurred only in WT mice and did not occur in mice genetically deficient in LDH3. The fact that MGCA can react with circulating Abs also helps to clarify how EAO may be initiated despite the exclusion of the MGCA to the immune effectors in the presence of an intact Sertoli cell barrier. For example, in mice immunized s.c. with testis antigen in adjuvant, the NS-MGCA can form testicular immune complexes with circulating Abs produced in the immunogen-draining lymph nodes, and the MGCA can then be presented by testis antigen-presenting cells and reactivate the memory effector T cells. In cooperation with the effector cytokines and chemokines, the immune complexes could also direct the interstitial inflammation to the boundary of seminiferous tubules, where they disrupt the Sertoli cell barrier and invade the seminiferous tubules to perturb spermatogenesis. This unique sequence of EAO immunopathology has been observed in most experimental and human testicular autoimmune diseases (32, (53) (54) (55) (56) . The finding will also explain how Abs can enhance adoptive transfer of postvasectomy EAO (32) and participate in EAO progression (A.G.A. Paul and K.S.K. Tung, unpublished observations).
We also provided direct evidence for Tregs as the critical mechanism of physiological tolerance to NS-MGCA by documenting spontaneous EAO development in B6AF1-DEREG mice with transient Treg depletion. This conclusion was further supported by the preferential autoantibody response to LDH3 over ZAN in the Treg-depleted mice. Interestingly, when we investigated the sera from unilaterally vasectomized (uni-Vx) and anti-CD25 mAb-treated mice that previously tested positively for ZAN autoantibodies (32) , none of the sera IgG reacted with LDH3 (J. Harakal et al., unpublished observations). Collectively, our results strongly support the conclusion that Treg-dependent physiological tolerance is applicable to NS-MGCA and not to S-MGCA. It should also be noted that systemic tolerance was detectable for the NS-MGCA normally located in the elongated spermatids and the residual bodies. These cellular antigens have a late ontogeny of 5 weeks after birth. Thus, our findings also argue against another prevailing opinion, that systemic tolerance can only be initiated and maintained by MGCA present in the neonatal period (19) . It should be noted that transiently Treg-depleted FOXP3-DTR mice or DEREG mice were also used to document a role for Tregs in tolerance for murine gastric autoantigens (57) (58) (59) .
In addition to their relevance to testicular autoimmune diseases, the findings in this study may also affect tumor immunity (60) . CTA expressed in many human tumors are currently considered highly immunogenic due to their sequestration and lack of systemic tolerance (3, 4) . Contrary to this concept, we now show the CTA derived from different MGCA are not equally immunogenic. We posit that the differential tolerogenic properties of MGCA located behind the Sertoli cell barrier, predetermined by their sequestration and tolerance statuses in the normal testes, will likely influence the spontaneous or vaccine-induced immunity to CTA in tumors of male patients.
In autoimmune models induced by immunization with selfantigens in adjuvant, it is generally believed that the optimal immunogens are epitopes expressed at too low a level to main-1 0 5 6 jci.org Volume 127 Number 3 March 2017
were made in our laboratory. C57BL/6 Scx-GFP mice expressing Sertoli cell cytoplasmic GFP under the scleraxis locus were from Ronen Schweitzer (Oregon Health Center, Portland, Oregon, USA) and were bred into OVA-Hi mice. DEREG mice and Scx-GFP mice were genotyped using tail DNA with published primers (41) . OVA transgenic mice were genotyped using OVA primers (forward, 5′-AGGCCTT-GAGCAGCTTGAGAGTAT, and reverse, 5′-TGAGGAGATGCCAG-ACAGATT). All mice were bred in a specific pathogen-free facility and tested negative for fur mites, pinworm, and Helicobacter spp. Male fertility was determined by the number of pups borne by 2 females cohoused with each male mouse within 2 months. Production of OVA transgenic mice and detection of OVA mRNA. To construct OVA transgenic mice, cDNA encoding full-length OVA protein was cloned into the BamHI site of the pPrCEXV-1 protamine expression vector (a gift of Robert E. Braun, University of Washington, Seattle, Washington, USA) under the control of the mouse Prm1 5′ promoter sequence. The transgenic mice were generated in the University of Virginia Genetically Engineered Murine Model Core. Two OVA transgenic lines were backcrossed 18 times to BALB/cByJ mice. Transgenic OVA mRNA was detected in total RNA extracted by the Perfect RNA Mini Total RNA Isolation Kit (Eppendorf) or the TRIzol Reagent (Life Technologies). Samples were treated with DNase I (Life Technologies), and mRNA sequences were amplified from total RNA (3-5 mg) by oligo-dT primed reverse transcription using the SuperScript Preamplification System (Life Technologies). The OVA sequence was determined by PCR.
Recombinant MGCA and MGCA Ab production. Mouse LDH3 was extracted from adult mouse testis homogenate by heating to 55°C, followed by ammonium sulfate precipitation and DEAD-Sephadex chromatography. LDH3 crystals formed in 40% ammonium sulfate (86) were used to immunize rabbits. Serum LDH3 Ab IgG was isolated on the protein A column. Two ZAN antigens were prepared. Recombinant D3p18 (amino acids Cys 4502 to Lys 4621 of the ZAN sequence; accession no. AAC26680 [GenPept database of GenBank at National Center for Biotechnology: https://www.ncbi.nlm.nih.gov/protein]) was expressed in E. coli (87) , and rabbit Ab to D3p18 was generated by immunization with a recombinant glutathione S-transferase-D3p18 (GST-D3p18) fusion protein and purified by affinity chromatography to sequentially remove GST and isolate ZAN epitope-specific Abs (34) . The second was the ZAN holoprotein purified from pig spermatozoa by affinity chromatography (88) using an Ab specific for the pig ZAN recombinant D3 domain (Ile 1684 -Pro
1788
; accession AAC48486 [GenPept database of GenBank at National Center for Biotechnology: https://www.ncbi.nlm.nih.gov/protein]). The ZAN holoprotein Ab isolated by protein G crossreacts with mouse and human ZAN (88) . Antigen specificity of the ZAN Ab was confirmed by Western blot and by sperm acrosome binding on IF and immunoelectron microscopy (34, 88) . IgG fraction of anti-OVA antiserum (MP Biochemicals) was isolated on a protein G column.
Ab injection. To detect MGCA egress from seminiferous tubules, mice were injected i.p. with rabbit Abs to mouse LDH3, ZAN D3p18 peptide, pig ZAN, OVA, or control rabbit IgG at 3.75 μg IgG/g body weight (see Supplemental Table 1 for full list of reagents and catalog numbers). Nineteen hours later, mice were perfused with PBS. To localize rabbit IgG immune complexes with endogenous mouse immune complexes in DEREG mice at 8 weeks after DT treatment, mice were injected i.p. with rabbit anti-LDH3 Abs. Nineteen hours later, mouse IgG1 was colocalized with rabbit IgG on frozen testis sections.
contain galectin-1 (68), a lectin that mediates activation-induced T cell apoptosis (69) and inhibits autoimmune arthritis and experimental autoimmune encephalomyelitis development (70, 71) , they could also regulate local responses in the testis microenvironment, particularly near the location where premeiotic germ cells normally transit the Sertoli cell barrier.
The testis was established as an immune-privileged site by the seminal finding of prolonged allograft survival within the local testicular interstitial environment (72, 73) . This was subsequently found to depend on Treg-dependent induction of systemic CD8 + T cell tolerance (73) . We expect similar mechanisms to facilitate the induction and maintenance of physiological systemic tolerance to the NS-MGCA, involving interstitial somatic cells and cytokines that are also required for maintaining local immune privilege (25) . In other words, similar local mechanisms will likely control both the afferent arm and the efferent arm of a testicular immune response. These include the immunoregulatory M2-like macrophages that dominate in the normal testis (25) ; the Sertoli cells, which can induce Treg conversion and expansion in a TGF-β-dependent manner (74) (75) (76) (77) (78) ; the Leydig cells, which produce testosterone and also induce Treg expansion (79, 80) ; and production of vitamin A, which also regulates other local responses (81, 82) . This raises the question of how local tissue environments could influence systemic tolerance induction in the lymph nodes. Two recent studies provide a clue. First, diabetogenic antigens from the pancreatic islets are presented by antigen-presenting cells in numerous lymph nodes and are not confined to the pancreatic lymph node (83) . Second, implantation of Sertoli cells by themselves under the kidney capsule was sufficient to prevent and ameliorate diabetes in NOD mice (77) . Together, they raise the possibility that, in addition to providing a route for lymph node homing of soluble NS-MGCA molecules or tolerogenic antigen-presenting cells with their processed peptides to reach the regional lymph node, the testis afferent lymphatic vessels (84, 85) may allow immunoregulatory molecules produced in the "immune-privileged" interstitial environment to reach the regional lymph nodes, where they promote tolerogenic presentation of NS-MGCA and maintain antigen-specific Treg function.
In conclusion, the findings described herein of selective MGCA sequestration associated with the existence of NS-MGCA and the critical role for Tregs in maintaining systemic tolerance to NS-MGCA have shifted the existing paradigm and established new mechanisms responsible for immunological tolerance and autoimmunity to sperm-and testis-specific antigens. We predict that they will also have a potential impact on CTA responses. Our results should stimulate new strategies for future research on immune privilege, testicular physiology, male infertility, and vasectomy as well as cancer immunity and cancer vaccine design.
Methods
Mice, genotyping, fertility study. B6AF1 mice were from the National Cancer Institute. A/J, C57BL/6, SJL, and BALB/cByJ mice were from The Jackson Laboratory. DO11.10 mice were from Marcia McDuffie (University of Virginia). C57BL/6-DEREG mice from Katharina Lahl and Tim Sparwasser (Twincore) were crossed with A/J mice to make B6AF1-DEREG mice. Ldh3 null mice were from Erwin Goldberg (41 , inducted by 1 mM IPTG, extracted by 600 mM NaCl, 10 mM imidazole, 100 mM TrisHCl, pH 7.9, 0.1 mg/ml of lysozyme (Roche Biochemicals), 2 mM PMSF, and protease inhibitor cocktail (Roche Biochemicals), and isolated by AMP-agarose column as described (90) . Autoantibodies to LDH3 or ZAN were detected on 96-well flat-bottom plates coated with recombinant LDH3 (10 μg/ml) or recombinant ZAN D3p18 (10 μg/ ml) in PBS for 18 to 24 hours at 4°C. After the wells were washed and blocked with 1% BSA-PBS, experimental and control mouse sera were added to the wells at 1:100 and 1:300 dilutions for the LDH3 ELISA and 1:50 dilution for the ZAN ELISA in duplicate and incubated for 1 hour. After 6 washes, the wells were incubated with HRP-conjugated goat anti-mouse IgG (Southern Biotech) at 1:2,000 for 1 hour. After 8 washes, each well was reacted with OPD substrate solution (SigmaAldrich). The reaction was terminated with 2.5 N H 2 SO 4 , and absorbance at 490 nm was determined with a microplate reader.
Testicular cell Ab detection by ELISA. Single cell suspensions from decapsulated adult testes were incubated with collagenase II (100 U/ ml, Worthington Biochemical Corp.) and DNAase (10 μg/ml, SigmaAldrich) for 15 minutes at 34°C (91). 1 × 10 5 testicular cells were added to each of 96-well flat-bottom plates in 100 μl of PBS, centrifuged for 5 minutes at 500 g, fixed with fresh 2% paraformaldehyde for 1 hour, and blocked with 1% BSA-PBS twice for 1 hour each time. The air-dried and coated plates were stored at -20°C for up to 4 months. After the plates were rehydrated with PBS containing 0.05% Tween 20 (SigmaAldrich) and incubated with 1% BSA-PBS for 1 hour, they were incubated with 1:100 and 1:300 dilutions of serum samples in duplicate for 1 hour. The plate-bound mouse IgG was detected as described above, and autoantibody concentrations were extrapolated from a standard curve of pooled mouse sera with high testicular cell autoantibody titers. IF and IP studies. All Abs and their sources are listed in Supplemental Table 1 (supplemental material available online with this article; doi:10.1172/JCI89927DS1). Supplemental Table 2 contains the details of the IF and IP procedures for each figure. Described below are the different procedures used on paraffin-embedded or frozen tissue sections. Frozen sections were used exclusively for IF studies, and paraffinembedded sections were used for both IF and IP studies. For frozen sections, whole testes were snap-frozen in liquid nitrogen and 5-to 8-μm sections were prepared on a Leitz cryostat (Leica). For paraffin sections, the whole testes, fixed for 5 days in Bouin's fixative and embedded in paraffin, were deparaffinized and hydrated. Antigen retrieval was performed on 5-μm paraffin sections by boiling in citrate buffer (pH 6) for 7 minutes in a microwave oven previously moistened with H 2 O and prewarmed. The slides were cooled and hydrated in H 2 O and then PBS.
For IF staining on frozen sections, the testis sections were fixed in ice-cold 1:1 acetone/ethanol, blocked with Tris-NaCl blocking buffer (PerkinElmer), 3% H 2 O 2 (EMD Chemicals), and 0.1% NaN 3 (ICN Biomedicals, Inc.), followed by a biotin-avidin blocking kit (Vector Laboratories), and incubated with Ab for 30 to 45 minutes at room temperature. For IF staining on paraffin sections, Ab incubation was performed at 4°C overnight. The biotinylated Ab staining was amplified by the TSA Biotin Tyramide Reagent Pack (PerkinElmer) and detected with neutralite avidin-Texas Red.
Immunization with testis homogenate in adjuvant. Testis homogenate was prepared and EAO was induced as previously described (24) . Testis homogenate at 10 mg dry weight in CFA (4.5 mg/ml of Mycobacterium tuberculosis H37Ra, DIFCO) was injected in 1 hind footpad and 2 s.c. sites. Two 5 μg i.p. injections of Bordetella pertussis extracts (provided by John Munoz, Rocky Mountain National Laboratories, Hamilton, Montana, USA) were administered i.p. on days 0 and +1 of immunization, and the mice were studied 3 weeks later.
Unilateral vasectomy and anti-CD25 mAb treatment. Uni-Vx was performed by occlusion and bisection of the left vas deferens. On days -3, +3, and +7 of surgery (day 0), mice were injected with 250 μg of anti-CD25 mAb (clone PC61) (32) . Serum Abs were determined 10 weeks later. Controls included sham uni-Vx mice injected with anti-CD25 mAbs and uni-Vx mice injected with PBS.
DT treatment of B6AF1-DEREG mice. Tregs were depleted by i.p. injection of DT (lot 322326, Calbiochem) at 40 μg/kg body weight on days 0, 2, and 5 (59), and mice were studied from 1 to 8 weeks later. Controls included WT mice injected with DT and DEREG mice injected with PBS.
In EAO histopathology scoring and spermatogenic cycle staging. After the testes were weighed, EAO severity was scored on Bouin's fixed and H&E-stained paraffin-embedded sections as unknown samples by a pathologist (K.S.K. Tung). The score was determined by the summation of testicular and epididymal inflammation, percentage of abnormal spermatogenesis, and epididymal sperm loss (24) . Inflammation was graded from 0 to 4 (0 = none, 1 = very focal, and 4 = extremely severe with necrosis). Scores 2 and 3 were increments between 1 and 4. The epididymal sperm loss score was determined by the summation of the sperm loss scores in the vas deferens, caput, body, and cauda of the epididymis as normal sperm levels (score 0), partial loss (score 1), and complete loss (score 2) for each region of the epididymis. Staging of the spermatogenic cycle was performed on Bouin's fixed paraffin-embedded sections of OVA-Hi mouse testes stained with rabbit anti-OVA Abs by immunoperoxidase and counterstained with H&E or periodic acidSchiff (PAS) with hematoxylin counter stain. 194 random tubule cross sections from 2 separate mice were photographed, and the images were staged based on criteria established in the literature (89) .
Transgenic OVA antigen detection by ELISA. Testes were weighed, dissociated in RIPA buffer at 100 mg/ml (w/v) in the presence of 1 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml leupeptin, and 37.5 μg/ml soybean trypsin inhibitor, and incubated for 1 hour at 4°C. Tissue lysates were centrifuged at high speed for 20 minutes at 4°C, and total protein concentration of the supernatants was determined by the BCA Protein Assay Kit (Pierce). To detect OVA, 96-well flat-bottom plates were coated with 4 μg/ml rabbit anti-OVA in phosphate buffer at pH 6.0 overnight at 4°C and then blocked with 3% BSA-PBS. Serial dilutions of testis extract were incubated with the OVA Abs for 1 hour at room temperature, and the bound OVA Abs were detected by mouse anti-OVA IgG1 (4 μg/ml), followed by biotinylated goat anti-mouse IgG1 Transmission electron microscopy. Briefly, deeply anesthetized mice were perfused intracardially with saline, followed by 1.5% glutaldehyde in saline, as previously described (93) . The testes were trimmed, further fixed by immersion in 3% glutaldehyde in cacodylate buffer, and embedded in epon. Thin sections were stained with uranyl acetate and lead citrate and examined with a Zeiss electron microscope.
Analysis of testicular macrophages by flow cytometry. Testicular cells were isolated from testes of DEREG mice injected with DT 8 weeks earlier. Testis cell suspensions were obtained as described above, and macrophages, gated on live, CD45 + and CD11b + cells were stained for M1-like macrophages by iNOS and MHC class II, and M2-like macrophages by F4/80, CD206, and IL-4Rα. Statistics. Statistical differences between mouse groups were determined by the nonparametric Mann-Whitney U test or the Kruskal-Wallis test with Dunn's post-tests using GraphPad Prism, version 5.0. The 1-tailed Fisher's exact test was used to assess differences in disease incidences. P < 0.05 was considered statistically significant. Data represent mean ± SEM.
Study approval. All animal studies were approved by the Animal Care and Use Review Board at the University of Virginia that follows the NIH Guidelines.
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For IP staining, endogenous peroxidase was first blocked with Peroxidase and Alkaline Phosphatase Blocking Reagent (Dako). Paraffinembedded tissue sections were incubated with Abs at 4°C overnight. After biotinylated Ab staining, the slides were incubated with AvidinBiotin Complex (Vector Laboratories). Peroxidase was detected by the 3,3′-diaminobenzidine tetrahydrochloride until optimal color staining and intensity were achieved. Counterstains were H&E, PAS/hematoxylin, or methylene blue. After dehydration, the slides were mounted with Cytoseal (Richard-Allan Scientific). For OVA detection in OVA-Hi mouse testes, slides were exposed to 0.05% osmium vapor for 1 minute.
IF slides were examined and photographed on a Nikon Microphot-FXA fluorescence microscope and Nikon HB-10101AF mercury lamp and Olympus Q color 5 camera. Alternatively, they were examined with a Zeiss LSM 700 confocal microscope. The percentage of seminiferous tubules with positive immune complex staining was counted among 100 tubules per section. IP slides were examined with an Olympus BH2 light microscope and photographed with the Olympus Infinity 1 camera.
Biotin and FITC exclusion assays. Mice were injected with 10 μl of 7.5 mg/ml of biotin (Thermo Scientific) in PBS containing 1 mM CaCl 2 under the testis capsule, and 60 minutes later, the mice were perfused and the testes were snap-frozen. Testis sections were fixed in ice-cold 1:1 acetone/ethanol, stained with neutralite avidin-Texas Red. FITC exclusion was determined after i.v. injection of 100 μl of 2 mg/ml of FITC (isomer I, C 21 H 11 NO 5 S, M r 389.39, Anaspec Inc.) in PBS. Ninety minutes later, the testes were snap-frozen in liquid nitrogen, and 8-μm testis sections were costained for FITC and occludin and studied by fluorescence microscopy. Normal testes served as negative controls, and testes with EAO induced by testis homogenate and adjuvant served as positive controls.
Sertoli cell barrier protein quantification. Frozen testes were homogenized in a lysing solution (Bio-Plex Lysis Kit, Bio-Rad), and the protein concentrations of the lysates were determined using the RC-DC Protein Assay (Bio-Rad) with BSA as a standard. Proteins expressed in the Sertoli cell tight junctions were quantified by immunoblotting performed as previously described (92) . Approximately 35 μg of protein extracted from frozen testes was used per lane for electrophoresis and immunoblotting. Immunoblot analysis was performed using a chemiluminescence kit prepared in-house (92) , and images were acquired with a Fujifilm LAS4000 mini Luminescent Image Analyzer.
